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In this paper, we will analyze the ghost condensation in the ABJM theory. We will perform our analysis in 
N = 1 superspace. We show that in the Delbourgo–Jarvis–Baulieu–Thierry–Mieg gauge the spontaneous 
breaking of BRST symmetry can occur in the ABJM theory. This spontaneous breaking of BRST symmetry 
is caused by ghost–anti-ghost condensation. We will also show that in the ABJM theory, the ghost–anti-
ghost condensates remain present in the modiﬁed abelian gauge. Thus, the spontaneous breaking of BRST 
symmetry in ABJM theory can even occur in the modiﬁed abelian gauge.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
According to the AdS4/CFT3 correspondence the ﬁeld the-
ory dual to the eleven-dimensional supergravity is a supercon-
formal ﬁeld theory with N = 8 supersymmetry. This is be-
cause apart from a constant closed 7-form on S7, AdS4 × S7 ∼
[SO(2, 3)/SO(1, 3)] × [SO(8)/SO(7)] ⊂ OSp(8|4)/[SO(1, 3) × SO(7)]. 
This group OSp(8|4) gets realized as N = 8 supersymmetry of the 
dual ﬁeld theory. Furthermore, the ﬁeld content of this dual su-
perconformal ﬁeld theory comprises of eight gauge-valued scalar 
ﬁelds and sixteen physical fermions. As this theory only has six-
teen on shell degrees of freedom, so, the gauge ﬁelds cannot have 
any contribution to the on shell degrees of freedom. Thus, the 
gauge sector of this theory is represented by Chern–Simons type 
actions. A theory called the Bagger–Lambert–Gustavsson (BLG) the-
ory meets all these requirements [1,2].
The gauge symmetry in the BLG theory is generated by a Lie 
3-algebra rather than a Lie algebra and SO(4) is the only known 
example of a Lie 3-algebra. It is possible to decompose the gauge 
symmetry generated by SO(4) into SU(2) × SU(2). If we do that for 
the BLG theory, then its gauge symmetry is generated by ordinary 
Lie algebras. The gauge sector of the BLG theory is now repre-
sented by two Chern–Simons theories with levels ±k and the mat-
ter ﬁelds exist in the bi-fundamental representation. The BLG the-
ory only represents two M2-branes because its the gauge symme-
try is generated by the gauge group SU(2) × SU(2). However, it has 
been possible to extend the gauge group to U (N) × U (N), and the 
resultant theory is called Aharony–Bergman–Jafferis–Maldacena
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SCOAP3.(ABJM) theory [3]. Even though, the ABJM theory only has N = 6
supersymmetry, this supersymmetry gets enhanced to N = 8
supersymmetry for Chern–Simons levels, k = 1, 2 [4]. Furthermore, 
for two M2-branes ABJM theory coincides with the BLG theory and 
thus has N = 8 supersymmetry.
It may be noted that as the ABJM theory has gauge symmetry, 
it cannot be quantized without getting rid of these unphysical de-
grees of freedom. This can be done by ﬁxing a gauge. The gauge 
ﬁxing condition can be incorporated at a quantum level by adding 
ghost and gauge ﬁxing terms to the original classical Lagrangian. 
It is known that for a gauge theory the new effective Lagrangian 
constructed as the sum of the original classical Lagrangian with 
the gauge ﬁxing and the ghost terms, is invariant under a new 
set of transformations called the Becchi–Rouet–Stora–Tyutin (BRST) 
transformations [5,6]. Recently, BRST symmetry has also been stud-
ied in non-linear gauges [7,8]. The BRST symmetry for the ABJM 
theory has also been studied [9–13].
The ghost–anti-ghost condensation in gauge theories has been 
throughly studied [14–18]. Such condensation can lead to a spon-
taneous breaking of the BRST and the anti-BRST symmetries. In 
fact, in recent past such ghost–anti-ghost condensation has been 
proposed as a mechanism of providing the masses of off-diagonal 
gluons and off-diagonal ghosts in the Yang–Mills theory in the 
maximally abelian gauge [19,20]. This mechanism helps in pro-
viding evidences for the infrared abelian dominance [21], thereby 
justiﬁes the dual superconductor picture [22–24] of QCD vacuum 
for explaining quark conﬁnement [20,25–27]. It may be noted that 
breaking of BRST symmetry has led to many interesting conse-
quences [14,28–31]. Therefore, these give us suﬃcient motivations 
to study the spontaneous breaking of the BRST and the anti-BRST 
symmetries in ABJM theory. under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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Simons-matter theory with different labels k and −k in non-
linear Delbourgo–Jarvis–Baulieu–Thierry–Mieg (DJBTM) gauge. Fur-
ther, the quantum actions generated due to these gauge conditions 
are shown to posses supersymmetric BRST and anti-BRST invari-
ance. A novel feature of ABJM theory in non-linear DJBTM gauge 
is observed that the presence of ghost–anti-ghost condensation in 
the theory breaks both the BRST and anti-BRST symmetries spon-
taneously. In accordance with the Nambu–Goldstone theorem the 
Faddeev–Popov ghost and anti-ghost ﬁelds of the ABJM theory 
are identiﬁed as Nambu–Goldstone particles. Furthermore, we con-
struct the effective potentials in case ABJM theory explicitly which 
conﬁrm the appearance of ghost–anti-ghost condensation as well 
as spontaneous symmetry breaking in the theory. Finally, we will 
analyze the ghost–anti-ghost condensation in the ABJM theory in 
modiﬁed maximally abelian (MA) gauge.
2. The ABJM theory in N = 1 superspace
In this section we will review the construction of Lagrangian 
for ABJM theory in N = 1 superspace formalism. The three-
dimensional N = 1 superspace is parameterized by three space-
time coordinates along with a two-component anti-commutating 
parameter, θa . Now Qa = ∂a − (γ μ∂μ)baθb is the generator of N = 1
supersymmetry. This generator of N = 1 supersymmetry com-
mutes with a superspace derivative, Da = ∂a + (γ μ∂μ)baθb . This 
superspace derivative can be used to construct the Lagrangian for 
ABJM theory in N = 1 superspace formalism. As the ABJM theory 
is a gauge theory with the gauge group U (N)k × U (N)−k , we can 
write the Lagrangian for ABJM theory as
Lc = LM +LCS − L˜CS, (1)
where LCS , L˜CS are Chern–Simons Lagrangian densities and LM is 
Lagrangian for the matter ﬁelds. These Chern–Simons Lagrangian 
densities are deﬁned by
LCS = k
2π
∫
d2 θ Tr
[
Γ aΩa
]
,
L˜CS = −k
2π
∫
d2 θ Tr
[
Γ˜ aΩ˜a
]
, (2)
where k is an integer and
Ωa = 1
2
DbDaΓb − i2
[
Γ b, DbΓa
]
− 1
6
[
Γ b, {Γb,Γa}
]− 1
6
[
Γ b,Γab
]
, (3)
Γab = − i2
[
D(aΓb) − i{Γa,Γb}
]
,
Ω˜a = 1
2
DbDaΓ˜b − i2
[
Γ˜ b, DbΓ˜a
]
− 1
6
[
Γ˜ b, {Γ˜b, Γ˜a}
]− 1
6
[
Γ˜ b, Γ˜ab
]
, (4)
Γ˜ab = − i2
[
D(aΓ˜b) − i{Γ˜a, Γ˜b}
]
. (5)
The ﬁelds Γa and Γ˜a are matrix-valued spinor superﬁelds suit-
able contracted with generator T A of Lie algebra as Γa = Γ Aa T A
and Γ˜a = Γ˜ Aa T A , respectively and they are expressed in component 
form asΓa = χa + Bθa + 1
2
(
γ μ
)
a Aμ + iθ2
[
λa − 1
2
(
γ μ∂μχ
)
a
]
,
Γ˜a = χ˜a + B˜θa + 1
2
(
γ μ
)
a A˜μ + iθ2
[
λ˜a − 1
2
(
γ μ∂μχ˜
)
a
]
. (6)
Thus, in component form these Lagrangians are given by
Lcs = k
4π
(
2
μνρ Aμ∂ν Aρ
+ 4i
3
AμAν Aρ + EaEa +Dμ
(
χa
(
γ μ
)b
a Eb
))
,
L˜cs = k
4π
(
2
μνρ A˜μ∂ν A˜ρ
+ 4i
3
A˜μ A˜ν A˜ρ + E˜a E˜a + D˜μ
(
χ˜a
(
γ μ
)b
a E˜b
))
. (7)
The explicit expression for Lagrangian of the matter ﬁelds is given 
by
LM = 1
4
∫
d2 θ Tr
[∇a X I†∇a XI + V], (8)
where the super-covariant derivatives for matrix-valued complex 
scalar superﬁelds X I and X I† are deﬁned by
∇a X I = DaX I + iΓa X I − i X I Γ˜a,
∇a X I† = DaX I† − i X I†Γa + iΓ˜a X I†, (9)
and V is the potential term given by
V = 16π
k

 I J
K L
[
XI X
K †X J X
L†]. (10)
The classical Lagrangian for ABJM theory Lc remains invariant un-
der the following gauge transformation
δΓa = ∇aΛ, δΓ˜a = ∇˜aΛ˜,
δX I = i(ΛX I − X IΛ˜), δX I† = i(Λ˜X I† − X I†Λ), (11)
where Λ = ΛAT A and Λ˜ = Λ˜A T˜ A are parameters of transforma-
tions. The Lagrangian for the ABJM theory is invariant under these 
gauge transformations.
3. ABJM theory in DJBTM gauge
The gauge invariance of ABJM theory reﬂects that the the-
ory is endowed with some spurious degrees of freedom. In or-
der to quantize the theory correctly we need to ﬁx the gauge. 
In this section, we will analyze the ABJM theory in Delbourgo–
Jarvis–Baulieu–Thierry–Mieg (DJBTM) gauge [32,33]. We start with 
proper choices of the covariant gauge ﬁxing conditions for ABJM 
theory which remove the spurious degrees of freedom as follows 
G1 ≡ DaΓa = 0, G˜1 ≡ DaΓ˜a = 0 [9]. These gauge ﬁxing conditions 
can be incorporated at the quantum level by adding the follow-
ing gauge ﬁxing term with gauge parameter α to the original 
Lagrangian,
Lgf =
∫
d2 θ Tr
[
b
(
DaΓa
)+ α
2
bb − b˜(DaΓ˜a)− α
2
b˜b˜
]
, (12)
where b and b˜ are Nakanishi–Lautrup type auxiliary ﬁelds. The 
Faddeev–Popov ghost terms corresponding to the above gauge ﬁx-
ing term can be written in terms of ghost ﬁelds c, c˜ and corre-
sponding anti-ghost ﬁelds c¯, ˜¯c explicitly as
Lgh = i
∫
d2 θ Tr
[
c¯Da∇ac − ˜¯cDa∇˜ac˜
]
. (13)
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together by
Lg = Lgf +Lgh. (14)
Now, the nilpotent BRST transformations (i.e. s2b = 0) are con-
structed by
sb Γa = ∇ac, sb Γ˜a = ∇˜ac˜,
sb c = −12 [c, c], sb c˜ = −
1
2
[c˜, c˜],
sb c¯ = ib, sb ˜¯c = ib˜,
sb b = 0, sb b˜ = 0,
sb X
I = icX I − i X I c˜, sb X I† = ic˜ X I† − i X I†c,
sb Y
I = ic˜Y I − iY I c, sb Y I† = icY I† − iY I†c˜, (15)
which leave the effective ABJM Lagrangian LABJ = Lc + Lg invari-
ant. With the help of this BRST symmetry the gauge ﬁxing and 
ghost parts of the effective Lagrangian can be expressed as
Lg = isb
∫
d2 θ Tr
[
˜¯cDaΓ˜a + α
2
b˜ − c¯DaΓa − α
2
b
]
. (16)
Furthermore, we explore another nilpotent symmetry, the so-called
anti-BRST transformations for ABJM theory, where the roles of 
ghost and anti-ghost ﬁelds are interchanged, as follows
sab Γa = ∇ac¯, sab Γ˜a = ∇˜a ˜¯c,
sab c¯ = −12 [c¯, c¯], sab
˜¯c = −1
2
[˜¯c, ˜¯c],
sab c = ib¯, sab c˜ = i ˜¯b,
sab b¯ = 0, sab ˜¯b = 0,
sab X
I = ic¯ X I − i X I ˜¯c, sab X I† = i ˜¯cX I† − i X I†c¯,
sab Y
I = i ˜¯cY I − iY I c¯, sab Y I† = ic¯Y I† − iY I† ˜¯c. (17)
Here we remark that the newly added auxiliary ﬁelds b¯ and ˜¯b can 
be expressed in terms of original auxiliary ﬁelds b and b˜ as follow-
ing:
b¯ = −b + i[c, c¯], ˜¯b = −b˜ + i[c˜, ˜¯c]. (18)
These conditions are similar to Curci–Ferrari (CF) type restriction.
Now, we will construct the effective Lagrangian for the ABJM 
theory in DJBTM gauge. For this purpose, we construct the sum of 
gauge-ﬁxing and ghost parts of the effective Lagrangian in DJBTM 
gauge which is deﬁned by
LDJg =
∫
d2θ Tr
[
b
(
DaΓa
)+ α
2
bb − b˜(DaΓ˜a)− α
2
b˜b˜ + ic¯Da∇ac
− i ˜¯cDa∇˜ac˜ − α
2
i[c, c¯]b + α
8
[c¯, c¯][c, c] + α
2
i[c˜, ˜¯c]b˜
− α
8
[˜¯c, ˜¯c][c˜, c˜]
]
. (19)
This can further be written as
LDJg =
∫
d2θ Tr
[
b
(
DaΓa
)+ α
2
bb − b˜(DaΓ˜a)− α
2
b˜b˜ + ic¯Da∇ac
− i ˜¯cDa∇˜ac˜ − α
2
i[c, c¯]b − α
4
[c, c¯][c, c¯] + α
2
i[c˜, ˜¯c]b˜
+ α [c˜, ˜¯c][c˜, ˜¯c]
]
. (20)4The effective Lagrangian for ABJM theory in DJBTM gauge, Lc +LDJg , 
is also invariant under above set of BRST and anti-BRST transfor-
mations mentioned in Eqs. (15) and (17). Further, we can express 
the Lagrangian LDJg in terms of both BRST as well as anti-BRST ex-
act term
LDJg = i2 ss¯
∫
d2θ Tr
[
ΓaΓ
a − Γ˜aΓ˜ a − iαc¯c + iα ˜¯cc˜
]
. (21)
Now, to inspect the non-zero gauge parameter, we write the above 
Lagrangian as
LDJg =
∫
d2θ Tr
[
α
2
(
b − 1
2
i[c, c¯] + 1
α
DaΓ
a
)2
− 1
2α
(
DaΓ
a)2 + ic¯Da∇ac
− α
2
(
b˜ − 1
2
i[c˜, ˜¯c] + 1
α
DaΓ˜
a
)2
+ 1
2α
(
DaΓ˜
a)2 − i ˜¯cDa∇˜ac˜
− α
8
[c, c¯][c, c¯] + α
8
[c˜, ˜¯c][c˜, ˜¯c]
]
. (22)
For analyzing the spontaneous breaking of BRST symmetry, the 
non-linear auxiliary ﬁelds b and b˜ could play an important role 
as order parameters for the BRST symmetry breaking. Therefore, 
we would not remove them by using equations of motion.
4. Spontaneous breaking of BRST symmetry
In this section, we describe the breaking of BRST supersymme-
try spontaneously in case of ABJM theory. To do so, let us deﬁne 
the potential V (b, ˜b) for multiplier ﬁelds b and b˜ such that
V (b, b˜) =
∫
d2θ Tr
[
−α
2
(
b − 1
2
i[c, c¯] + 1
α
DaΓ
a
)2
+ α
2
(
b˜ − 1
2
i[c˜, ˜¯c] + 1
α
DaΓ˜
a
)2]
. (23)
The potential has its extremum for gauge parameter α for any in-
teger value at
b = 1
2
i[c, c¯] − 1
α
DaΓ
a and b˜ = 1
2
i[c˜, ˜¯c] − 1
α
DaΓ˜
a. (24)
The vacuum states of non-linear bosonic ﬁelds b and b˜ are given 
by
〈0|b|0〉 = 1
2
〈0|i[c, c¯]|0〉, 〈0|b˜|0〉 = 1
2
〈0|i[c˜, ˜¯c]|0〉, (25)
where we have utilized the invariance such that 〈Γa〉 = 0 and 
〈Γ˜a〉 = 0. In case of ghost–anti-ghost condensations appear such 
that
〈0|i[c, c¯]|0〉 	= 0, 〈0|i[c˜, ˜¯c]|0〉 	= 0, (26)
the non-linear ﬁelds b and b˜ acquire non-vanishing vacuum to vac-
uum expectation values (VEVs), i.e.,
〈0|b|0〉 = 1
2
〈0|i[c, c¯]|0〉 	= 0,
〈0|b˜|0〉 = 1
2
〈0|i[c˜, ˜¯c]|0〉 	= 0. (27)
Consequently, these non-vanishing VEVs break the BRST symmetry 
spontaneously as follows:
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〈0|sb ˜¯c|0〉 = 〈0|ib˜|0〉 = −12 〈0|[c˜,
˜¯c]|0〉 	= 0. (28)
Using CF conditions given in Eq. (18), it is easy to see that sponta-
neous breaking of anti-BRST symmetry also occurs in this case
〈0|sabc|0〉 = 〈0|ib¯|0〉 = −12 〈0|[c, c¯]|0〉 	= 0,
〈0|sabc˜|0〉 = 〈0|i ˜¯b|0〉 = −12 〈0|[c˜,
˜¯c]|0〉 	= 0. (29)
According to Nambu–Goldstone theorem we note that, correspond-
ing to these spontaneous symmetries breaking there exist massless 
Nambu–Goldstone particles. For instance, these ghosts and anti-
ghosts can be identiﬁed as Nambu–Goldstone particles.
To determine whether such ghost–anti-ghost condensation as 
well as spontaneous symmetry breaking take place or not, we ex-
press the effective potential in case of ABJM theory as
V (b, b˜, φ, φ˜) = V (φ, φ˜) +
∫
d2θ Tr
[
−α
2
(
b + 1
2α
φ
)2
+ α
2
(
b˜ + 1
2α
φ˜
)2]
, (30)
where φ ∼ −α〈0|i[c, ¯c]|0〉 and φ˜ ∼ −α〈0|i[c˜, ˜¯c]|0〉. However, it can 
be noticed that for Landau gauge condition where gauge param-
eter takes zero value such kind of ghost–anti-ghost condensation 
and consequently spontaneous symmetry breaking does not appear 
for ABJM theory in N = 1 superspace. This result veriﬁes the con-
ventional use of the BRST symmetry for ABJM theory in the linear 
gauge.
5. ABJM theory in MA gauge
Now we analyze ghost–anti-ghost condensation in modiﬁed 
maximally abelian (MA) gauge [34,35]. Thus, we start by decom-
posing the gauge ﬁelds in diagonal and off-diagonal components 
as follows
Γa = γ ia T i + Υ αa Tα, Γ˜a = γ˜ ia T i + Υ˜ αa Tα, (31)
where Ti ∈ H and Tα ∈ U (N)k − H with H being the Cartan 
subalgebra of the Lie algebra U (N)k . Similarly, T˜ i ∈ H and T˜α ∈
U (N)−k −H with H being the Cartan subalgebra of the Lie alge-
bra U (N)−k . Now, the Lagrangian in MA gauge is constructed in 
terms of BRST exact quantity
LMAg = −is
∫
d2θ Tr
[
c¯
{
∇a[γ ]Υ a + α
2
b
}
− i ζ
2
c¯[c¯, c] − i ζ
4
c[c¯, c¯]
− ˜¯c
{
∇˜a[γ˜ ]Υ˜ a + α
2
b˜
}
+ i ζ
2
˜¯c[˜¯c, c˜] + i ζ
4
c˜[˜¯c, ˜¯c]
]
. (32)
Utilizing BRST transformation the above Lagrangian is further ex-
panded as
LMAg =
∫
d2θ Tr
[
b∇a[γ ]Υ a + α
2
b2
+ ic¯∇a[γ ]∇a[γ ]c − i[c¯,Υa]
[
c,Υ a
]+ ic¯∇a[γ ]([Υ a, c])
+ ic¯[∇a[γ ]Υ a, c]+ ζ
8
[c¯, c¯][c, c] + ζ
4
[c¯, c¯][c, c]
+ i ζ
2
c[b, c¯] − iζb[c¯, c] + ζ
4
[c¯, c¯][c, c]
− b˜∇˜a[γ˜ ]Υ˜ a − α b˜2 − i ˜¯c∇˜a[γ˜ ]∇˜a[γ˜ ]c˜
2+ i[˜¯c, Υ˜a]
[
c˜, Υ˜ a
]− i ˜¯c∇˜a[γ˜ ]([Υ˜ a, c˜])
− i ˜¯c[∇˜a[γ˜ ]Υ˜ a, c˜]− ζ
8
[˜¯c, ˜¯c][c˜, c˜]
− ζ
4
[˜¯c, ˜¯c][c˜, c˜] − i ζ
2
c˜[b˜, ˜¯c] + iζb[˜¯c, c˜]
− ζ
4
[˜¯c, ˜¯c][c˜, c˜]
]
. (33)
In the modiﬁed MA gauge, the requirement of the orthosymplec-
tic invariance yields the quartic ghost interaction as ζ = α. In the 
modiﬁed MA gauge, the above expression reduces to
LMMAg =
∫
d2θ Tr
[
α
2
(
b − i[c¯, c] + 1
α
∇a[γ ]Υ a
)2
− 1
2α
(∇a[γ ]Υ a)2 − i[c¯, c][Υa,Υ a]+ ic¯∇a[γ ]([Υ a, c])
− α
2
(
b˜ − i[˜¯c, c˜] + 1
α
∇˜a[γ˜ ]Υ˜ a
)2
+ i ˜¯c∇˜a[γ˜ ]∇˜a[γ˜ ]c
+ i[˜¯c, c˜][Υ˜a, Υ˜ a]− i ˜¯c∇˜a[γ˜ ]([Υ˜ a, c˜])
− ic¯∇a[γ ]∇a[γ ]c + 1
2α
(∇˜a[γ˜ ]Υ˜ a)2
]
. (34)
The potential for non-linear ﬁeld b and b˜ has extremum at
b = i[c¯, c] − 1
α
∇a[γ ]Υ a,
b˜ = i[˜¯c, c˜] − 1
α
∇˜a[γ˜ ]Υ˜ a. (35)
So, the vacuum is deﬁned as
〈0|b|0〉 = 〈0|i[c¯, c]|0〉 − 1
α
〈0|∇a[γ ]Υ a|0〉,
〈0|b˜|0〉 = 〈0|i[˜¯c, c˜]|0〉 − 1
α
〈0|∇˜a[γ˜ ]Υ˜ a|0〉. (36)
This shows that even in modiﬁed MA gauge the ghost–anti-ghost 
condensates are present in the ABJM theory and due to which the
spontaneous breaking of the BRST symmetry occurs. An advan-
tage of the spontaneous BRST supersymmetry breaking is that the 
Nambu–Goldstone particle associated with the spontaneous break-
ing of the BRST symmetry or the spontaneous breaking of anti-
BRST symmetry can be identiﬁed with the diagonal anti-ghost or 
diagonal ghost, respectively. Thus, the diagonal ghost and the diag-
onal anti-ghost are massless. This result is consistent with infrared 
abelian dominance. As infrared abelian dominance is expected to 
be realized, the off-diagonal components of ghosts become mas-
sive while the diagonal components remain massless.
6. Conclusion
In this paper, we analyzed the ABJM theory in Delbourgo–Jarvis 
and Baulieu–Thierry–Mieg (DJBTM) gauge and modiﬁed maximally 
abelian (MA) gauge. Furthermore, we have investigated the quan-
tum actions for the theory admitting supersymmetric BRST invari-
ance. We have observed that due to ghost–anti-ghost condensates 
appear in non-linear DJBTM gauge the non-linear bosonic ﬁelds 
admit non-vanishing vacuum expectation values (VEVs). Conse-
quently, a spontaneous breaking of the supersymmetric BRST in-
variance has occurred in the theory. We also demonstrated that 
even in modiﬁed MA gauge, the ghost–anti-ghost condensates 
are present in the ABJM theory, and due to which the sponta-
neous breaking of the BRST symmetry occurs. We have identiﬁed 
292 M. Faizal, S. Upadhyay / Physics Letters B 736 (2014) 288–292the ghost and anti-ghost ﬁelds present in the theory as Nambu–
Goldstone particles according to the Nambu–Goldstone theorem.
To conﬁrm the appearance of ghost–anti-ghost condensation as 
well as spontaneous symmetry breaking we constructed an effec-
tive potential for the ABJM theory.
It may be noted just as strings can end on D-branes in string 
theory, M2-branes can also end on M9-branes, M5-branes and 
gravitational waves in M-theory [36]. Boundary conditions for open 
M2-branes in presence of a ﬂux have also been studied [37]. A sys-
tem of multiple M2-branes ending on a M5-brane can be used to 
learn about the physics of M5-branes. Thus, a system of M2-branes 
ending on a M5-brane with a constant C ﬁeld in the background 
has been used to motivate the study of a novel quantum geome-
try on M5-brane world-volume [38]. In fact, the BLG theory with a 
Nambu–Poisson 3-bracket has been identiﬁed with the M5-brane 
action in presence of a large C ﬁeld [39]. The action for M2-branes 
in presence of a boundary has been constructed in N = 1 su-
perspace formalism [11,40–42]. This theory is made gauge invari-
ant by adding extra boundary degrees of freedom such that the 
gauge transformation of the boundary theory exactly cancels the 
boundary piece generated by gauge transformation of the bulk 
theory. Similarly, the BRST transformation of the boundary theory 
exactly cancels by boundary term generated by the BRST trans-
formation of the bulk theory. It will be interesting to investigate 
what happens to this system, if the BRST symmetry is broken on 
the boundary or in the bulk due to the ghost–anti-ghost conden-
sation.
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